The raw data (fastq files) of Illumina amplicon sequencing are available at the NCBI Short Read Archive (SRA) (<http://www.ncbi.nlm.nih.gov/sra/>) under accession number SRP098685.

Introduction {#sec001}
============

Mobile elements are obligate genomic parasites that amplify as selfish DNA and play important roles in driving the evolution of their hosts \[[@pone.0175729.ref001]--[@pone.0175729.ref005]\]. Retrotransposons amplify by reverse transcription of RNA intermediates and integration of the resulting DNA copies at new locations of their host's genomes. Retrotransposons can be distinguished by their overall structures and retrotransposition mechanisms as long terminal repeat (LTR) retrotransposons and non-LTR retrotransposons \[[@pone.0175729.ref006]\]. Non-LTR retrotransposons probably amplify by target site-primed reverse transcription (TPRT) \[[@pone.0175729.ref007], [@pone.0175729.ref008]\]. In this process, an element-encoded endonuclease cleaves one strand of the genomic DNA to generate a free 3' hydroxyl that is used as a primer for reverse transcription of the retrotransposon's RNA by the enzyme reverse transcriptase (RT) \[[@pone.0175729.ref009], [@pone.0175729.ref010]\]. Second-strand cleavage and cDNA joining to genomic DNA usually produce structural hallmarks of integrated retrotransposon copies, such as 5' deletions, addition of non-templated nucleotides at 5' insertion junctions, and variable-length target site duplications (TSDs) \[[@pone.0175729.ref011]\].

In the genome of the soil-dwelling protist *Dictyostelium discoideum*, two thirds of genomic DNA codes for genes, and intergenic regions are mostly less than 1 kb in length with a mean value of 678 bp \[[@pone.0175729.ref012]\]. The *D*. *discoideum* genome is populated by a family of seven phylogenetically related non-LTR retrotransposons. These elements are named "TRE5" if located \~50 bp upstream of tRNA genes, whereas "TRE3" elements reside \~100 bp downstream of tRNA genes \[[@pone.0175729.ref013], [@pone.0175729.ref014]\]. Sixty-one percent of tRNA genes in the *D*. *discoideum* genome are associated with at least one element of the TRE family. A single tRNA gene may be associated with both TRE5 and TRE3 elements, and TREs that integrate at a tRNA gene previously targeted by another TRE typically form TRE-TRE tandems without integrating into each other.

TRE5-A has emerged as a model element to study mechanisms of tRNA gene targeting in the *D*. *discoideum* genome \[[@pone.0175729.ref015]\]. Full-length TRE5-A.1 contains two open reading frames (ORFs) that are flanked by modularly arranged untranslated regions ([Fig 1A](#pone.0175729.g001){ref-type="fig"}). The TRE5-A ORF1 protein does not display similarity with ORF1 proteins of other *D*. *discoideum* TRE elements or non-LTR retrotransposons from other organisms such as mammalian L1. The L1 ORF1 protein is involved in binding the retroelement's RNA as part of the pre-integration complex and contributes to the integration process \[[@pone.0175729.ref016], [@pone.0175729.ref017]\]. The TRE5-A ORF2 protein contains an apurinic or apyrimidinic site DNA repair endonuclease (APE) and an RT ([Fig 1A](#pone.0175729.g001){ref-type="fig"}). TRE5-A.2 is a non-autonomous derivative of TRE5-A.1 that lacks the entire ORF2 sequence. In previous experiments using an in vivo assay that determines the retrotransposition activity of the cellular TRE5-A population, the "TRE trap assay" \[[@pone.0175729.ref018], [@pone.0175729.ref019]\], we determined that TRE5-A.1 and TRE5-A.2 are similarly active, suggesting that TRE5-A.2 efficiently recruits the ORF2 protein delivered by TRE5-A.1 to mediate its retrotransposition.

![Structures of natural TRE5-A elements and the cloned TRE5-A^bsr^.\
(**A**) The autonomous retrotransposition-competent TRE5-A.1 element is shown schematically. This element consists of two open reading frames (ORF1 and ORF2) that are flanked by untranslated regions. ORF2 contains an apurinic or apyrimidinic site DNA repair endonuclease (APE), a reverse transcriptase domain (RT), and a zinc finger-like motif (ZF). The A-module has promoter activity for plus strand transcription \[[@pone.0175729.ref020]\] but can be replaced by a heterologous promoter \[[@pone.0175729.ref021]\]. The C-module is essential for retrotransposition \[[@pone.0175729.ref021]\]. The TRE5-A.2 element is a non-autonomous derivative of TRE5-A.1. It is apparently mobilized in trans by the ORF2 protein provided by TRE5-A.1 elements \[[@pone.0175729.ref018]\]. TRE5-A.2 served as a blueprint for the design of TRE5-A^bsr^ elements. (**B**) Outline of the TRE5-A^bsr^ retrotransposition assay. In the cloned TRE5-A^bsr^ element, the A-module promoter is replaced by the stronger *actin6* promoter (A6P). TRE5-A^bsr^ further contains the ORF1 gene and the C-module of TRE5-A.1. Downstream of ORF1 is the *mbsrI* gene, which is inserted in the retrotransposon's minus strand direction. The *mbsrI* gene is transcribed from the *actin15* promoter (A15P). The TRE5-A^bsr^ element is transformed into *D*. *discoideum* cells together with a vector that confers G418 resistance to transformants. The transformed TRE5-A^bsr^ is inserted at random positions in the *D*. *discoideum* genome. When the transformed element is transcribed, the intron is removed and restores *mbsr* ORF function after completion of reverse transcription and integration. Cells affected by at least one retrotransposition obtain blasticidin resistance due to the expression of the functional *mbsr* gene. In a typical retrotransposition assay, a pool of G418-resistant cells was subjected to selection in medium containing blasticidin. Apparent clones were counted and pooled for genomic DNA preparation. UTR: untranslated region.](pone.0175729.g001){#pone.0175729.g001}

The A- and B box motifs of tRNA gene-internal control regions represent the binding sites for the Pol III transcription factor TFIIIC \[[@pone.0175729.ref022]\]. DNA-bound TFIIIC positions TFIIIB near the transcription start, and TFIIIB subsequently recruits Pol III to the 5\' ends of tRNA genes to initiate transcription. TRE5-A requires a functional B box for efficient integration upstream of tRNA genes \[[@pone.0175729.ref019]\]. An isolated B-box with no tRNA gene context is a principle target of TRE5-A integration, albeit at \< 1% of the frequency of a canonical tRNA gene \[[@pone.0175729.ref019]\], suggesting that the presence of an A box may be a second major determinant of integration site selection by TRE5-A. Because the TFIIIB subunit TATA-binding protein (TBP) interacts with TRE5-A ORF1 in vitro \[[@pone.0175729.ref023]\], we speculate that TFIIIC is required for TRE5-A integration because TFIIIC recruits TFIIIB to the tRNA gene. Then, the ORF1 protein of the TRE5-A pre-integration complex may compete with Pol III for binding to TFIIIB in active Pol III transcription units.

In this study, we used a previously described in vivo retrotransposition assay based on a genetically tagged TRE5-A element (TRE5-A^bsr^; [Fig 1B](#pone.0175729.g001){ref-type="fig"}) \[[@pone.0175729.ref021]\] to determine whether TRE5-A integration is limited to a certain set of tRNA genes in the *D*. *discoideum* genome. We also found that TRE5-A retrotransposes to the extrachromosomal DNA element that carries the ribosomal RNA genes and integrates at the Pol III-transcribed 5S gene and locations that present bona fide A/B-box arrangements without a typical tRNA gene context. Because these sites were targeted as if they were canonical tRNA genes, we speculate that Pol III transcription complexes assemble on the extrachromosomal rDNA element to mediate specific biological functions.

Materials and methods {#sec002}
=====================

Primers {#sec003}
-------

Oligonucleotides were synthesized at Metabion (Planegg, Germany). A list of primers used in this study is provided in [S1 Table](#pone.0175729.s007){ref-type="supplementary-material"}.

*D*. *discoideum* transformation and TRE5-A^bsr^ retrotransposition assay {#sec004}
-------------------------------------------------------------------------

*D*. *discoideum* AX2 cells were used in all experiments. Construction of TRE5-A^bsr^ and the retrotransposition assay have been described previously \[[@pone.0175729.ref021]\]. Briefly, *D*. *discoideum* cells were co-transformed with the vectors pTRE5-A^bsr^ and pISAR by electroporation and cultured in HL5 medium (Formedium, Hunstanton, UK) supplemented with 10 μg/ml G418 (Formedium, Hunstanton, UK). G418-resistant clones from several transformations were pooled and maintained as frozen stocks. Cells were re-cultured from the stocks and allowed to grow for approximately 20 or 100 generations in HL5 medium containing 10 μg/ml G418. These cultures are referred to as 20G and 100G, respectively. To collect blasticidin-resistant clones for TRE5-A^bsr^ integration profiling, 60 Petri dishes were seeded with 1 × 10^7^ cells per plate in HL5 medium containing 5 μg/ml blasticidin (Life Technologies, Carlsbad, USA). Blasticidin-resistant clones emerging after 8--10 days were counted, pooled, and used to prepare genomic DNA. In this study, we modified the original TRE5-A^bsr^ by replacing the ORF1 sequence with a codon-adapted version that can be specifically detected by PCR and discriminated from endogenous TRE5-A elements. The codon-adapted ORF1 gene was synthesized by GenScript (Piscataway, USA).

Preparation of genomic DNA from *D*. *discoideum* cells {#sec005}
-------------------------------------------------------

*D*. *discoideum* cells were washed in 17 mM phosphate buffer (pH 6.2), and 5 × 10^8^ cells were lysed in 50 ml of buffer A (0.32 M sucrose, 10 mM Tris-HCl, pH 7.5, 5 mM MgCl~2~, 1% Triton X-100). The lysates were kept on ice for 10 min before the nuclei were pelleted by centrifugation at 4°C. The nuclear pellets were resuspended in 5 ml of buffer B (10 mM Tris-HCl, pH 7.5, 10 mM EDTA), mixed with 5.5 ml of buffer C (10 mM Tris-HCl, pH 7.5, 0.7% SDS) and 30 μg of RNase A (Sigma), and incubated at 37°C. After 30 min, 800 μg of proteinase K (Fermentas) was added, and incubation was continued at 55°C for 60 min. DNA was extracted once in 10 ml of a 25:24:1 mixture of phenol, chloroform, and isoamyl alcohol and once in 8 ml of a 14:1 mixture of chloroform and isoamyl alcohol. The DNA was precipitated in ethanol overnight at --20°C, washed with 70% ethanol, dried, and suspended in 400 μl of water. After the DNA had dissolved, the ethanol precipitation was repeated, and the pelleted DNA was washed three times in 70% ethanol. Finally, the dry DNA was recovered in 10 mM Tris-HCl (pH 7.5) and 1 mM EDTA and stored at 4°C.

Enrichment of TRE5-A^bsr^ integrations by LAM-PCR {#sec006}
-------------------------------------------------

Linear amplification was performed in a 50-μl volume containing 2 μg of genomic DNA and 0.5 pmol of a 5\'-biotinylated TRE5-A^bsr^ ORF1-specific primer (Rep-234_bio) using the High-Fidelity Polymerase Kit from Jena Bioscience (Jena, Germany). A typical reaction was conducted with 100 cycles of annealing at 58°C for 30 sec and elongation at 68°C for 45 sec. Biotinylated single-stranded PCR products were purified using the QIAquick PCR Purification Kit (Qiagen, Germany) and then immobilized onto streptavidin-conjugated magnetic beads (Dynabeads^®^ M-280, Invitrogen) to remove contaminating genomic DNA. To prepare the "tDNA primer library", exponential parallel PCR was performed on the bead-bound single-stranded LAM-PCR products with a set of distinct reverse primers specific for particular tRNA gene families. The PCR amplimers were purified in agarose gels, pooled, and subjected to Illumina amplicon sequencing. To prepare the "adapter primer library", bead-bound single-stranded LAM-PCR products were subjected to second-strand DNA synthesis using an adapter-random hexamer primer (454B-6N) and Klenow polymerase at 37°C for 60 minutes. Because LAM-PCR does not discriminate between transformed and retrotransposed TRE5-A^bsr^ elements, the double-stranded LAM-PCR products were digested after second-strand DNA synthesis with NcoI, which cuts the plasmid immediately upstream of the *act6* promoter of the cloned TRE5-A^bsr^ element. DNA from individual PCR reactions was gel-purified (QIAquick Gel Extraction Kit, Qiagen) and either cloned into pGEM-T (Promega) for manual DNA sequencing or pooled for paired-end Illumina sequencing.

Illumina amplicon sequencing {#sec007}
----------------------------

Amplicons of the 20G tDNA, 100G tDNA, and 100G adapter primer libraries, prepared as described above, were sequenced using the Illumina technique \[[@pone.0175729.ref024]\]. The concentration of amplicons was determined using the Agilent Bioanalyzer 2100 and DNA 7500 kit. Library preparation was performed using Illumina\'s TruSeq® DNA PCR-Free LT Sample Preparation Kit following the manufacturer\'s description, except that amplicons were not fragmented before library preparation. 100 ng of amplicon DNA were used as input material, and the protocol was started at the step of end-repair. Libraries were individually indexed as part of the protocol and quantified/qualified using the Agilent Bioanalyzer 2100 as described above. Samples were sequenced on Illumina\'s MiSeq in 300 bp paired-end mode using sequencing chemistry MiSeq® Reagent Kit v3 (600 cycle). The reads were extracted in FastQ format by the MiSeq control software (MCS v2.4.1.3) or bcl2fastq v2.16/v2.17.1 software (Illumina). The raw data (fastq files) of Illumina amplicon sequencing are available at the NCBI Short Read Archive (SRA) (<http://www.ncbi.nlm.nih.gov/sra/>) under accession number SRP098685.

Mapping of tRNA gene-targeted TRE5-A^bsr^ integrations {#sec008}
------------------------------------------------------

To determine TRE5-A^bsr^ insertion sites in the *D*. *discoideum* genome, reads were pre-processed to extract the genomic-derived part of the amplicons for the later mapping approach. In the first step, "pseudoreads" were created by joining read 1 (forward read) and read 2 (reverse read) of each pair using clc_overlap_reads (part of the CLC assembly cell, CLCbio) with parameter--m 100 (discard pseudoreads with lengths \<100nt). The reads were re-formatted into FastA format for the later mapping process. Only for analysis of the adapter primer library, pseudoreads were discarded from the dataset before mapping if they did not contain the Rep-235 sequence in order to remove artificial constructs.

In the next step, the pseudoreads were mapped to the TRE5-A^bsr^ sequence using SSAHA \[[@pone.0175729.ref025]\] to determine the TRE5-A^bsr^-derived part of the reads. Based on this mapping the retrotransposon-derived part of the reads was trimmed using an in-house script. To trim the tRNA gene part of the reads in the 20G and 100G tDNA primer libraries, the retrotransposon-free reads were mapped to a reference dataset containing all *Dictyostelium* tRNA gene families (extracted from the file "*D*. *discoideum* Non-coding sequences", downloadable at [http://dictybase.org](http://dictybase.org/)) using SSHA and were trimmed based on the mapping results. Since in the adapter primer library a random hexamer was used for amplification, the second trimming was performed based on the adapter sequence instead of the tRNA reference.

After trimming of retrotransposon and tRNA/adapter parts, pseudoreads were discarded if shorter than 40 nt in length in order to avoid imprecise mapping results by multiple mappable short pseudoreads. To define the insertion sites, the pre-processed reads (pseudoreads, retrotransposon and tRNA/adapter part trimmed) were mapped to the *Dictyostelium* reference genome (version 05-13-2009; [http://dictybase.org](http://dictybase.org/)) using BLAT \[[@pone.0175729.ref026]\]. In addition, pseudoreads were mapped to the left arm of the rDNA palindrome as published in GenBank AY171066 \[[@pone.0175729.ref027]\]. To avoid false positive results we only allowed following hits: (i) unique hits, and (ii) reads with multiple hits when fulfilling the following criteria: Score of the 2^nd^-best hit should not exceed 75% of the score of the best hit; the read must map with at least 95% of its length. The mapping results were manually inspected for TRE5-A^bsr^ insertions at 405 tRNA gene positions and on the extrachromosomal rDNA palindrome using the Integrative Genomics Viewer (version 2.3.65) \[[@pone.0175729.ref028]\].

Reverse-transcription PCR on circularized RNA (cRT-PCR) {#sec009}
-------------------------------------------------------

The RNA samples for RT-PCR were prepared from logarithmically growing *D*. *discoideum* cells washed in 17 mM phosphate buffer (pH 6.2) and stored as pellets of 2 × 10^7^ cells at --80°C until further use. Total RNA was prepared from frozen cells using the Qiagen RNeasy^®^ Mini Kit according to the provided manual. cDNA was synthesized by the reverse transcription of 500 ng of total RNA using the Qiagen Omniscript^®^ RT Kit. RT-PCR on circularized RNA (cRT-PCR) was performed as previously described \[[@pone.0175729.ref029]\]. Briefly, the total RNA was 5\'-dephosphorylated with shrimp alkaline phosphatase (Fermentas) and then re-phosphorylated using Fermentas T4 polynucleotide kinase. The phosphorylated RNA was then self-ligated using T4 RNA ligase (Fermentas). Reverse transcription was performed using the primer cRT-PCR-01 and the Qiagen Omniscript^®^ RT Kit. The first PCR was conducted with the primers cRT-PCR-02 and cRT-PCR-03 using the following cycling conditions: 95°C for 5 min and 35 cycles of 95°C for 30 sec, 58°C for 30 sec, and 72°C for 45 sec. The PCR products were purified using Qiagen\'s PCR Purification Kit, followed by a nested PCR using the same cycling conditions and the primers cRT-PCR-04 and cRT-PCR-05. The sequences of the cRT-PCR primers for each locus are listed in ([S1 Table](#pone.0175729.s007){ref-type="supplementary-material"}). The cRT-PCR products were analyzed on agarose gels, cloned into pGEM-T (Promega) and sequenced.

Results {#sec010}
=======

TRE5-A^bsr^ mimics the integration behavior of the natural TRE5-A population {#sec011}
----------------------------------------------------------------------------

A characteristic feature of the *D*. *discoideum* genome is the association of tRNA genes with retrotransposons of the TRE family. The annotated genome features 42 tRNA gene families comprising 405 nuclear tRNA genes scattered on all six chromosomes ([S1 Fig](#pone.0175729.s001){ref-type="supplementary-material"}). Although natural TRE5-A integrations cover 31 of 42 tRNA gene families in the *D*. *discoideum* reference genome, only 24% of individual tRNA genes are associated with a TRE5-A. This raised the question as to whether the natural TRE5-A population is restricted to this particular set of targets. To address this question, we transformed the TRE5-A^bsr^ element into *D*. *discoideum* cells and performed a genome-wide survey of TRE5-A^bsr^ integration sites. The TRE5-A^bsr^ element is a non-autonomous TRE5-A.2-like element that contains the ORF1 gene and an *mbsrI* gene as a selection marker for productive retrotransposition ([Fig 1B](#pone.0175729.g001){ref-type="fig"}). The *mbsrI* gene is a blasticidin resistance gene (*bsr*) cloned into a minimal TRE5-A in the minus strand orientation (= *mbsr*). The *mbsr* gene is initially not functional because it is interrupted by a reverse intron (= *mbsrI*). After retrotransposition, the newly integrated TRE5-A^bsr^ copy contains a functional *mbsr* gene that confers blasticidin resistance to the affected cells ([Fig 1B](#pone.0175729.g001){ref-type="fig"}). In the experiments described below, the original ORF1 sequence of the TRE5-A^bsr^ element was replaced by a codon-adapted ORF1 sequence that allowed us to discriminate TRE5-A^bsr^ elements from cellular TRE5-As. Similar to the non-autonomous TRE5-A.2 element, TRE5-A^bsr^ is readily mobilized in trans by the ORF2 protein provided by the cellular population of full-length TRE5-A.1 elements \[[@pone.0175729.ref021]\].

In a typical TRE5-A retrotransposition profiling experiment, *D*. *discoideum* cells expressing the TRE5-A^bsr^ element were grown under G418 selection for approximately 20 generations (referred to as "20G culture"). Then, a total of 6 × 10^8^ cells was subjected to blasticidin selection, which enriched cells in which TRE5-A^bsr^ had completed at least one full retrotransposition event. Approximately 15,000 blasticidin-resistant clones were recovered, pooled, and used for genomic DNA preparation. Based on this pool we wanted to apply a transposon profiling based on Illumina amplicon sequencing of TRE5-A^bsr^ integration junctions to determine how many tRNA genes were targeted by TRE5-A^bsr^ integration in the 20G culture. We decided to use non-restrictive linear amplification PCR (LAM-PCR), because alternative methods, including inverse PCR \[[@pone.0175729.ref030]\], ligation of adapter linkers to digested genomic DNA (ligation-mediated PCR; \[[@pone.0175729.ref031]\]), or ligation of single-stranded linkers to the 3' ends of single-stranded LAM-PCR products \[[@pone.0175729.ref032]\], did not produce high-quality libraries for amplicon sequencing of tDNA-TRE5-A^bsr^ integration junctions. TRE5-A^bsr^ DNA was enriched using LAM-PCR as shown in [Fig 2](#pone.0175729.g002){ref-type="fig"}. Genomic DNA was used as the template for linear PCR with a biotinylated primer that bound specifically to the codon-adapted ORF1 sequence in the cloned TRE5-A^bsr^ element. The linear, single-stranded LAM-PCR products were immobilized on magnetic streptavidin beads and washed extensively to remove unrelated genomic DNA, including endogenous TRE5-A sequences ([S2 Fig](#pone.0175729.s002){ref-type="supplementary-material"}).

![Outline of TRE5-A^bsr^ retrotransposition profiling.\
Note that TRE5-A always integrates in an orientation-specific manner with the 5' end of the retrotransposon facing the 5' end of the targeted tRNA gene. LAM-PCR was performed on genomic DNA prepared from a pool of blasticidin-resistant clones. The 5\'-biotinylated primer bound selectively to the codon-adapted ORF1 gene of the TRE5-A^bsr^ element and did not recognize ORF1 genes of endogenous TRE5-A elements. The resulting linear, single-stranded LAM-PCR products were immobilized on streptavidin beads and washed extensively. To perform profiling of TRE5-A^bsr^ insertions at tRNA genes, exponential PCRs were performed in parallel reactions with primers specific for selected tRNA gene families ("tDNA primer library"). To profile TRE5-A^bsr^ insertions at any position in the genome, second-strand synthesis was initiated with a random hexamer primer linked to a unique adapter oligonucleotide (adapter-N~6~). Next, exponential PCR was performed with the adapter primer and an ORF1-specific primer to yield an "adapter primer library". SD, splice donor site; SA, splice acceptor site.](pone.0175729.g002){#pone.0175729.g002}

Integration of TRE5-A is strictly orientation-specific, with the 5' end of the element always facing the 5' end of the targeted tRNA gene. We took advantage of this integration behavior to specifically screen for TRE5-A^bsr^ integration at tRNA genes in parallel exponential on-bead PCRs with a TRE5-A^bsr^ ORF1-specific forward primer and a set of reverse primers intended to cover 33 selected tRNA gene families. Due to apparent cross-hybridization of some primers among related tRNA gene families, the analysis actually covered 37 of the 42 tRNA gene families and 398 of the 405 individual tRNA genes (see below). The copy numbers of individual tRNA gene families in the *D*. *discoideum* genome vary between 1 and 23 ([S1 Fig](#pone.0175729.s001){ref-type="supplementary-material"}). Therefore, the obtained PCR bands in agarose gels contained mixtures of PCR products representing integrations at individual chromosomal loci of the same tRNA gene family.

To confirm the quality of PCR products representing tRNA gene-specifically amplified TRE5-A^bsr^ integration junctions, we cloned and sequenced the PCR products from several tRNA gene families. As an example, [Fig 3](#pone.0175729.g003){ref-type="fig"} shows the results for *LysCUU*, of which 10 gene copies exist in the *D*. *discoideum* genome. The *LysCUU-2* gene is located on chromosome 1 and is associated with an endogenous, full-length TRE5-A.1 element. A new integration of TRE5-A^bsr^ was observed 46 bp upstream of the *LysCUU-2* gene ([Fig 3A](#pone.0175729.g003){ref-type="fig"}), suggesting the formation of a TRE5-A^bsr^-TRE5-A.1 tandem. As expected, the heterologous RNA polymerase II-transcribed *actin6* promoter of TRE5-A^bsr^ was left behind upon retrotransposition, resulting in a \~42-bp 5\'-untranslated region in the retrotransposed TRE5-A^bsr^ coinciding with the experimentally determined transcription start site of the *actin6* gene \[[@pone.0175729.ref033]\]. The integration junctions of six retrotransposed TRE5-A^bsr^ copies at the *LysCUU-2* gene could be distinguished due to different distances between the integrated element and the target; integrations occurred within a window of 44--48 bp upstream of the targeted tRNA gene ([Fig 3B](#pone.0175729.g003){ref-type="fig"}). The precision of TRE5-A^bsr^ integration complicated the discrimination of individual retrotransposition events at the same genomic locus because individual integrations at exactly the same position upstream of the targeted tRNA gene could only be distinguished by short deletions of the 5' ends of integrated TRE5-A^bsr^ copies and/or the addition of non-templated nucleotides at the insertion junctions introduced by TRE5-A RT during the integration process ([Fig 3B](#pone.0175729.g003){ref-type="fig"}).

![TRE5-A^bsr^ integrations at the *LysCUU-2* gene.\
(**A**) Gene map around the *LysCUU-2* gene (coordinates 2688000 to 2706000 on chromosome 1). Note that the gene is associated with a full-length TRE5-A.1 element, of which only the annotated ORF1 and ORF1 regions are shown. In the sequenced example shown, TRE5-A^bsr^ integrated 46 bp upstream of the *LysCUU-2* gene, thus forming a tandem with the endogenous TRE5-A.1 element. Note that TRE5-A^bsr^ left most of the *act6* promoter behind, and the retrotransposed copy contained 42 bp of the 5\' untranslated region (5\'-UTR) upstream of the ORF1 gene. The tRNA gene sequence is boxed. The +1 G nucleotide, A box, and B box are shown with a red background. A non-template extra C nucleotide is indicated, and the integration junction upstream of the +1 G is shown in lowercase letters. "DDB_G" refers to gene ID numbers listed in dictyBase \[[@pone.0175729.ref034]\]. (**B**) Individual integrations of TRE5-A^bsr^ were cloned from PCR products obtained with a *LysCUU*-specific and TRE5-A^bsr^ ORF1-specific primer. The upper lane shows the sequence of the TRE5-A^bsr^ 5'-UTR (i.e., the *act6* promoter) in the transformed TRE5-A^bsr^ element. Below is the sequence upstream of the *LysCUU-2* gene (upstream sequence in lowercase letters). The sequences of six integration junctions are shown with the +1 G complement of the *LysCUU2* with a red background. The integration junction sequence is shown in lowercase letters. Note the insertion of non-templated extra-nucleotides (bold uppercase letters), which help distinguish insertions that occurred at exactly the same position.](pone.0175729.g003){#pone.0175729.g003}

In the *D*. *discoideum* reference genome, only 98 of 405 tRNA genes are associated with a TRE5-A element ([Fig 4A](#pone.0175729.g004){ref-type="fig"}). This limitation may be due to a general inaccessibility of the majority of tRNA genes to TRE5-A integration. Alternatively, multicopy association of TRE5-A with tRNA could pose a selective disadvantage for the organism that resulted in a steady-state at 24% saturation. To assess whether TRE5-A retrotransposition is restricted to only a subset of tRNA genes, we used TRE5-A^bsr^-enriched LAM-PCR products of the 20G culture respresenting \~15,000 blastidicin-resistant clones to perform exponential PCR with a set of 33 tRNA gene families. The PCR amplicons were gel-purified and pooled to generate a "tDNA primer library" ([Fig 2](#pone.0175729.g002){ref-type="fig"}). We performed Illumina paired-end sequencing on this DNA and assembled matching read pairs into "pseudoreads" of forward and reverse sequence reads. These pseudoreads were searched for sequences covering TRE5-A^bsr^ upstream of the primer used for exponential PCR and for the presence of the sequences of tRNA gene-specific primers at the other end of the pseudoreads. Following this routine, a dataset of 235,729 pseudoreads was generated ([Table 1](#pone.0175729.t001){ref-type="table"}). We found that 206,652 mapped to the genome, of which 205,020 could be assigned to 223 individual tRNA gene positions ([Fig 4B](#pone.0175729.g004){ref-type="fig"} and [S2 Table](#pone.0175729.s008){ref-type="supplementary-material"}). The de novo TRE5-A^bsr^ integrations covered 91 of 98 tRNA genes already occupied by a copy of the natural TRE5-A population, suggesting that TRE5-A^bsr^-TRE5-A tandems were formed upstream of these tRNA genes. We identified TRE5-A^bsr^ integrations at 132 tRNA genes not occupied by natural TRE5-A, indicating that the integration spectrum of TRE5-A is considerably broader than currently evident in the *D*. *discoideum* reference genome. We observed a great variety of pseudoread counts mapping to individual tRNA genes. The mapping counts ranged from 1 to 43,221 per locus ([S2 Table](#pone.0175729.s008){ref-type="supplementary-material"}). Assuming an average distribution of 506 mapped pseudoreads at 405 targets (= 205,020 pseudoreads), pseudoread numbers mapped to individual loci were highly biased. In fact, only 30 of 223 integration sites were covered by higher pseudoread numbers than the expected average, but these 30 loci accounted for 97% of all mapped pseudoreads. As described later, these apparent "hot spots" of TRE5-A^bsr^ integration did not reproduce in a second integrome library, suggesting that some PCR bias or clonal expansion of cells undergoing retrotransposition events early in the cell culture may be responsible for this observation.

![Visualization of TRE5-A^bsr^ integrations at tRNA genes.\
The 42 tRNA gene families and their individual copy numbers are shown as white squares. The colors indicate the association of a distinct tRNA gene copy with a TRE5-A or TRE5-A^bsr^ element. See [S1 Fig](#pone.0175729.s001){ref-type="supplementary-material"} for the distribution of individual tRNA genes on the six chromosomes. Gray squares indicate mitochondrial tRNA genes. (**A**) Display of tRNA gene loci associated with a TRE5-A element. (**B**) TRE5-A^bsr^-targeted tRNA genes identified in the tDNA primer library prepared after 20 generations (20G) or 100 generations (100G) of cell culture. Light red and dark red squares indicate tRNA genes identified only in the 20G or 100G library, respectively. Bright red squares indicate tRNA genes found in both libraries. (**C**) TRE5-A^bsr^-targeted tRNA genes found in the adapter primer library prepared after 100 generations of cell culture (100G).](pone.0175729.g004){#pone.0175729.g004}
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###### Summary of Illumina sequence mapping results.

![](pone.0175729.t001){#pone.0175729.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------
                                                                        20G\                  100G\                 100G\
                                                                        tDNA primer library   tDNA primer library   adapter primer library
  --------------------------------------------------------------------- --------------------- --------------------- ------------------------
  Read pairs                                                            414,722               1,096,059             3,645,898

  Assembled pseudoreads                                                 380,745               903,394               1,821,217

  Mapped to TRE5-A^bsr^                                                 360,538               865,522               1,102,203

  Mapped to tRNA genes/adapter primer                                   236,410               718,095               1,020,159

  Pseudoreads ≥ 40 bp[^1^](#t001fn001){ref-type="table-fn"}             235,729               710,163               755,593

  Mapped to reference genome                                            206,652               595,188               471,921

    Mapped to tRNA genes                                                205,020               594,367               318,376

    Mapped to *actin6* promoter[^2^](#t001fn002){ref-type="table-fn"}   181                   71                    68,081

    Mapped to rDNA palindrome                                           n/a                   n/a                   1,186

    Remaining                                                           1,451                 750                   84,278
  ------------------------------------------------------------------------------------------------------------------------------------------

^1^ Minimum length of 40 bp was selected to avoid imprecise mapping results in highly A+T-rich integenic regions.

^2^ Mapped to either the *actin6* promoter sequence or the \~42 bp 5' untranslated region carried along by retrotransposed TRE5-A^bsr^ (see [Fig 1B](#pone.0175729.g001){ref-type="fig"}).

Roughly 50% of tRNA genes were identified as TRE5-A^bsr^ targets in the experiment described above, even though 15,000 clones were supposed to provide roughly 37× coverage of theoretically available integration sites (i.e., tRNA genes). We presumed that a limitation in discovering rare integrations at particular targets might be overcome by extending the cultivation time in G418 medium before initiating blasticidin selection, thus allowing TRE5-A^bsr^ retrotransposition to approach saturation at tRNA gene targets. Therefore, we repeated the experiment described above with the same stock of G418-resistant cells but allowed growth of cells under G418 selection for approximately 100 generations before starting blasticidin selection to enrich cells with TRE5-A^bsr^ integrations (referred to as "100G culture"). Approximately 75,000 blasticidin-resistant clones were recovered from 6 × 10^8^ cells, that is, five times more than from the 20G culture, suggesting ongoing retrotransposition in the population upon cultivation under G418 selection. The blasticidin-resistant clones from the 100G culture were pooled, and TRE5-A^bsr^ integrants were enriched by LAM-PCR. Again, parallel exponential PCR was performed on the LAM-PCR products using different tRNA gene family-specific primers. All purified PCR products were mixed and analyzed by Illumina sequencing ([Table 1](#pone.0175729.t001){ref-type="table"}), and the assembled pseudoreads were mapped to the reference genome. In this data set, 594,367 pseudoreads mapped to 303 tRNA gene loci including 83 that are associated with a TRE5-A of the natural population ([Fig 4B](#pone.0175729.g004){ref-type="fig"} and [S2 Table](#pone.0175729.s008){ref-type="supplementary-material"}). As in the first experiment, we observed a bias for the mapping of integrations to particular tRNA gene loci ranging from 1 to 81,177. In contrast to the expectation of an average of 1,468 mappable pseudoreads per locus upon equal selection of 405 potential target genes, 72 tRNA mapped loci presented count numbers above the average and accounted for 91% of all mappable reads. However, only ten of these loci were also overrepresented in the 20G library, suggesting that the numbers of mapped pseudoreads do not correlate with the frequency of targeting events at particular loci. Rather, a technical bias may have led to enrichments of these loci. Nevertheless, the combined data from the 20G and 100G libraries identified 334 (83%) of all tRNA gene positions in the *D*. *discoideum* genome as potential TRE5-A integration sites ([Fig 4B](#pone.0175729.g004){ref-type="fig"}).

We previously determined that the presence of a functional B box is a major determinant for TRE5-A integration at tRNA genes \[[@pone.0175729.ref019]\]. However, the variable distances of B-boxes to the 5' ends of tRNA genes do not sufficiently explain the precision of TRE5-A integration \~47 bp upstream of tRNA genes in the reference genome. Because the distances between A- and B-boxes in *D*. *discoideum* tRNA genes vary between 32 and 57 bp, we assumed that the fixed position of the A-box at position +8 relative to the mature tRNA determines the distance of TRE5-A to targeted tRNA genes. The integration preference of TRE5-A^bsr^ relative to the +1 nucleotide of a tRNA gene was determined based on 303 targeted tRNA gene loci in the 100G tDNA library. In many cases, the high precision of integration prevented accurate counting of independent integration events at a given tRNA gene locus when they occurred at exactly the same position. Of 1,003 integrations that could be discriminated by different distances to the same tRNA genes, integration occurred between 23--181 bp upstream of tRNA genes, with 80.2% located within a window of 47±3 bp upstream of the targeted tRNA genes ([Fig 5](#pone.0175729.g005){ref-type="fig"}).

![Distances of TRE5-A^bsr^ integrations to targeted tRNA genes.\
The analysis is based on 303 targeted tRNA gene locations and 1,003 TRE5-A^bsr^ individual integrations that could be distinguished due to different distances to the inserted TRE5-A^bsr^ element to the target. Note that 38 of 1,003 integrations were detected outside the window of 34--62 bp shown here.](pone.0175729.g005){#pone.0175729.g005}

In summary, we conclude from our observations that the TRE5-A^bsr^ element is readily mobilized in trans by recruiting the ORF2 protein expressed from the natural TRE5-A.1 population and that TRE5-A^bsr^ faithfully mimics the integration behavior of the natural TRE5-A in *D*. *discoideum* cells.

We were also interested to determine if TRE5-A integrations can occur at genomic locations not represented by tRNA genes. Therefore, we used the pool of blasticidin-resistant cells from the 100G culture to perform LAM-PCR enrichment of TRE5-A^bsr^ integrations. Second-strand synthesis was perfomred using a random hexamer oligonucleotide linked to a unique adapter. We performed exponential PCR on these double-stranded DNA fragments using the adapter primer and a reverse primer specific for the TRE5-A^bsr^ ORF1 sequence, thus including integration sites without tRNA gene context ("adapter primer library"; [Fig 2](#pone.0175729.g002){ref-type="fig"}). The amplicons were analyzed by Illumina sequencing as described previously. In this experiment, 755,593 pseudoreads were assembled ([Table 1](#pone.0175729.t001){ref-type="table"}), of which 68,081 mapped to the *actin6* promoter upstream of the \~42-bp 5\'-untranslated region. We could not determine if these pseudoreads belonged to contaminating genomic DNA derived from either the chromosomal *actin6* upstream region or the transformed TRE5-A^bsr^ element, which was transcribed from the *actin6* promoter (see [Fig 1B](#pone.0175729.g001){ref-type="fig"}). These reads were not further analyzed. A set of 84,278 pseudoreads seemed to map to genomic regions both in open reading frames and in intergenic regions unrelated to Pol III transcription sites. Manual inspection of several such pseudoread sequences revealed complex rearrangements between the *actin6* promoter region of the TRE5-A^bsr^ element and genomic DNA, which may have occurred either during LAM-PCR or during the exponential PCR to prepare the adapter primer library. We attempted to directly detect predicted TRE5-A^bsr^ insertions within ORFs or in intergenic regions by performing PCR on genomic DNA of the 100G library with locus- and TRE5-A^bsr^-specific primers. None of these PCR experiments confirmed the presence of integrated TRE5-A^bsr^. Therefore, we concluded that pseudoreads with signs of recombinations of TRE5-A^bsr^ upstream of the transcription start of the element represented mainly PCR artifacts and did not merit further analysis.

A total of 318,376 pseudoreads of the adapter primer library mapped to 343 tRNA gene positions ([Fig 4C](#pone.0175729.g004){ref-type="fig"}, [S2 Table](#pone.0175729.s008){ref-type="supplementary-material"}). Notably, 93% of the tRNA genes identified as TRE5-A^bsr^ integration targets in the 100G tDNA primer library were also found in the 100G adapter primer library. As in the experiments using tDNA primer libraries, we observed enrichment of pseudoread counts on a small subgroup of targeted tRNA genes. In fact, 30 tRNA genes were mapped with read counts above the statistical average of 928 per site and accounted for 89% of total reads. Of these tRNA genes, only 20 were also overrepresented in the 100G tDNA primer library prepared from the same cell culture. Interestingly, 41 tRNA genes not determined as targets of TRE5-A^bsr^ in the tDNA primer libraries were identified in the 100G adapter primer library, extending the list of TRE5-A^bsr^ integration targets in all experiments to 384 or 95% of all tRNA genes in the *D*. *discoideum* genome.

TRE5-A^bsr^ integrations on the extrachromosomal rDNA element {#sec012}
-------------------------------------------------------------

*D*. *discoideum* cells organize their ribosomal RNA genes on a multicopy, extrachromosomal DNA element that consists of two identical arms spanning \~44 kb each \[[@pone.0175729.ref027]\]. Despite the rRNA genes, no other transcription units seem to exist on this element, which amplifies to approximalety 100 copies per cell and accounts for 20% of nuclear DNA. Because of its multicopy nature, the extrachromosomal DNA element presents approximately 200 ribosomal 5S genes per cell as potential target sites for TRE5-A. Therefore, it was of interest to investigate whether TRE5-A is able to target this typical Pol III-transcribed gene. Previous in vivo retrotransposition experiments in which the ribosomal 5S gene was cloned into the artificial chromosomal environment of the "TRE trap" revealed that the natural TRE5-A population can target the upstream region of the 5S gene at a distance of 35--39 bp and at approximately 5% of the frequency of a tRNA gene \[[@pone.0175729.ref019]\]. In the Illumina sequencing data of the adapter primer library, we determined that 944 pseudoreads mapped to the 5S gene locus on the extrachromosomal rDNA palindrome. Manual inspection of the mapping data revealed that TRE5-A^bsr^ had targeted the upstream region at a distance of 37--41 bp to the 5' end of the 5S gene. To further evaluate TRE5-A^bsr^ insertions upstream of the 5S gene, we performed exponential PCR on LAM-PCR products using a 5S gene-specific and a TRE5-A^bsr^-specific primer. A PCR product was obtained and cloned (data not shown). Sequencing of the cloned integration junction confirmed TRE5-A^bsr^ integration 38 bp upstream of the 5S gene ([S3 Fig](#pone.0175729.s003){ref-type="supplementary-material"}). In parallel experiments, we explored whether natural TRE5-A can target the extrachromosomal palindrome upstream of the 5S gene. We performed PCR on genomic DNA of untransformed *D*. *discoideum* cells using a TRE5-A- and a 5S gene-specific primer. A PCR product was obtained and cloned (data not shown). Sequencing of this PCR product confirmed the insertion of a TRE5-A.1 element 38 bp upstream of the 5S gene ([S4 Fig](#pone.0175729.s004){ref-type="supplementary-material"}). Thus, we concluded that TRE5-A integration is not restricted to tRNA genes and also includes the 5S gene on the extrachromosomal rDNA palindrome.

In a previous study, we observed by chance that TRE5-A^bsr^ can integrate on the extrachromosomal rDNA palindrome at nucleotide positions 18638 or 22168 (coordinates according to GenBank entry AY171066). These positions are nearly identical in DNA sequence and cannot be properly distinguished by PCR \[[@pone.0175729.ref019]\]. Inspecting the rDNA element at these positions revealed the presence of a consensus B box without any further similarity to tRNA genes. Subsequently, 21 additional B box motifs per 44 kb arm of the palindrome were determined ([Fig 6](#pone.0175729.g006){ref-type="fig"}). In the entire *D*. *discoideum* reference genome, 4,545 genomic positions can be detected when using the B box motif GTTCRANNC as the query, indicating that a B box-like motif can be expected every \~7,500 bp of genomic DNA. Thus, B box motifs appeared to be overrepresented on the rDNA element (22 in \~44 kb single arm of the palindrome), raising the question of whether all of these B boxes are functional and serve to assemble Pol III transcription complexes on the rDNA element. Our previous data indicated that a single B box is a poor target for TRE5-A integration, probably because it is inefficient in recruiting the Pol III transcription complex \[[@pone.0175729.ref019]\]. We hypothesized that functional A boxes must be present at B box loci to allow Pol III transcription complex formation as a requirement for TRE5-A integration. Efficient transcription of tRNA genes generally requires a critical distance between the A box and B box of 30--60 bp \[[@pone.0175729.ref035]\]. Therefore, we searched the 22 B box locations on the rDNA element for putative A boxes with this spacing. In fact, 14 A box-like sequences could be identified when using the most permissive sequence TNNNNNANNNG ([Fig 6](#pone.0175729.g006){ref-type="fig"}). Of these sequences, only six contained the more stringent TRRYNNARYNG motif characteristic of *D*. *discoideum* tRNA genes. These A/B box loci, 18638, 22168, 25439, 26202, 26963, and 27726, were apparently generated by a repeated duplication of larger segments of the rDNA palindrome as deduced from sequence conservation between these loci ([S5 Fig](#pone.0175729.s005){ref-type="supplementary-material"}). Although there is no sequence similarity of the discussed A/B box loci with tRNA genes despite the A box and B box motifs, these loci share another feature with tRNA genes: in 83% of *D*. *discoideum* tRNA genes, the first nucleotide of the mature tRNA is guanine and is located 7 bp upstream of the A box. Interestingly, a +1 G nucleotide is present at all six A/B box loci on the rDNA element ([Fig 6](#pone.0175729.g006){ref-type="fig"}). In the following, we will refer to the +1 G of an A/B box locus and calculate the distances of newly integrated TRE5-A elements from this position.

![B-boxes on the extrachromosomal rDNA palindrome.\
(**A**) Scheme of the left arm (\~39 kb) of the mirror-symmetric rDNA element. The rRNA genes are indicated as arrows. The B box positions are indicated by numbers according to the rDNA palindrome core sequence as published in GenBank entry AY171066. CRA: central region of asymmetry. The asterisks indicate the TRE5-A^bsr^ integration targets determined in this study. (**B**) Sequences of individual B box loci on the *D*. *discoideum* rDNA palindrome. WebLogo presentations of A box and B box motifs of *D*. *discoideum* tRNA genes are provided for comparison with the respective sequences on the rDNA palindrome. The most conserved nucleotide positions in the B boxes and putative A boxes are highlighted in red. The asterisks indicate the positions where TRE5-A^bsr^ integrations were identified in this study.](pone.0175729.g006){#pone.0175729.g006}

We used LAM-PCR products prepared from genomic DNA of the 100G culture to screen for the integration of TRE5-A^bsr^ at any of the 22 B box locations. To this end, we used primers for individual A/B box locations and a TRE5-A^bsr^-specific primer. PCR products indicative of TRE5-A^bsr^ insertions were obtained at 4 of 22 positions ([Fig 7A](#pone.0175729.g007){ref-type="fig"}). Because the sequences around positions 18638 and 25439 are repetitive and cannot be discriminated by PCR from the corresponding positions 22168 and 26202, six putative TRE5-A integration sites are located on each arm of the mirror-symmetric rDNA element (indicated by asterisks in [Fig 6](#pone.0175729.g006){ref-type="fig"}). Notably, these six integration sites coincide with the positions that best match the A/B box consensus: 18638, 22168, 25439, 26202, 26963, and 27726.

![Determination of TRE5-A^bsr^ integrations sites on the rDNA palindrome.\
(**A**) The genomic DNA from a 15,000-clone pool of blasticidin-resistant cells was used for LAM-PCR-based enrichment of TRE5-A^bsr^ integrations. Exponential PCR amplification of the insertion junctions between TRE5-A^bsr^ ORF1 and any of the indicated B box positions was performed using locus-specific forward and ORF1-specific reverse primers. Note that a faint signal was reproducibly obtained at the 27726 locus that is barely visible in this reproduction (**B**) Example of an TRE5-A^bsr^ integration 47 bp upstream of the +1 G at position 18638/22168. The +1 G nucleotide, A box, and B box are indicated in red boxes. The integration junctions upstream of the +1 G are shown in lowercase letters. Note that the rDNA palindrome contains stretches of nearly identical sequences and thus B box positions 18638/22168 cannot be distinguished by PCR. (**C**) Integration of cellular TRE5-A.1 on the rDNA palindrome. The presence of a natural TRE5-A.1 element upstream of positions 18638/22168 on the rDNA palindrome was detected by nested PCR on genomic DNA of untransformed *D*. *discoideum* cells using primers specific for TRE5-A ORF1 and the 18638/22168 region. The +1 G nucleotide, A box, and B box are indicated in red boxes. The integration junctions upstream of the +1 G are shown in lowercase letters.](pone.0175729.g007){#pone.0175729.g007}

An example of a cloned and sequenced integration of TRE5-A^bsr^ at locus 18638/22168 is presented in [Fig 7B](#pone.0175729.g007){ref-type="fig"}. Using the tRNA gene-analogous +1 G as a measure for the 5\' end of the targeted locus, the integration of TRE5-A^bsr^ occurred at a distance of 47 bp. Similar results were obtained from cloned integration junctions at loci 25439/26202, 26693, and 27726 (data not shown). Considering the data and structural similarity of the A/B box loci with typical tRNA genes, we concluded that TRE5-A^bsr^ elements recognized only positions with a functional A Box and approached these positions similar to conventional tRNA genes. Interestingly, TRE5-A^bsr^ integrations at positions 18638/22168 and 25439/26202 were also indicated in the Illumina sequences obtained from the 100G adapter primer library. Although only 242 pseudoreads mapped to these positions, evaluation of the integration junctions revealed an integration window of 37--50 bp relative to the +1 G at these positions (data not shown).

The annotation of the rDNA element did not present signs of previous TRE5-A integrations \[[@pone.0175729.ref027]\], perhaps due to bioinformatic consensus building, which discarded TRE5-A insertions in few of the \~100 palindrome copies present per cell. We therefore determined experimentally whether A/B box loci on the rDNA element are targeted by the natural TRE5-A population. We focused on position 18638/22168 and performed PCR on genomic DNA of untransformed *D*. *discoideum* AX2 cells. We used primers specific for the ORF1 sequence of the natural TRE5-A element and locus 18638/22168. After a conventional 30-cycle PCR, no product was detectable. However, nested PCR on this sample detected a small amount of specific PCR product (data not shown), which was cloned and sequenced. The obtained DNA sequence uncovered a TRE5-A.1 element integrated 45 bp upstream of the +1 G at locus 18638/22168 ([Fig 7C](#pone.0175729.g007){ref-type="fig"}). This result indicates that at least position 18638/22168 on the rDNA palindrome is a target for natural TRE5-A retrotransposition.

As mentioned above, our working hypothesis states that TRE5-A integrates at locations that assemble Pol III transcription complexes. According to this model, the A/B box positions on the rDNA palindrome represent previously unidentified active Pol III transcription units. To evaluate this possibility, we first performed northern blot analyses but could not detect any RNA transcripts derived from the TRE5-A^bsr^-targeted positions. Therefore, we conducted PCR with locus-specific synthesized cDNAs and detected transcripts at loci 18638/22168 ([S6A Fig](#pone.0175729.s006){ref-type="supplementary-material"}), 25439/26202, and 26963 (data not shown). To determine the lengths of the transcripts derived from these positions, we performed RT-PCR on circularized RNA (cRT-PCR) as outlined in [S6B Fig](#pone.0175729.s006){ref-type="supplementary-material"}. Products were obtained for all three loci. Two transcripts with different 5\' ends were determined at loci 18638/22168; both map within the A box at positions 12 and 16 nt downstream of the +1 G ([S6C Fig](#pone.0175729.s006){ref-type="supplementary-material"}). We could not determine whether this result suggests 5\'-processing, as in canonical tRNAs (mature tRNAs would start at the +1 G), or whether the isolated RNAs were prone to 5\'-degradation either within the cells or upon RNA preparation. Two alternative 3\' ends of 18638/22168 transcripts were determined after a T~5~ and T~6~ stretch, respectively, which are reminiscent of typical RNA polymerase III terminators. Overall, the 18638/22168 transcript length was approximately 230 nt. The 25439/26202 transcript started 22 nt downstream of the +1 G and ended at a T~5~ stretch, which would result in a 107-nt RNA ([S6D Fig](#pone.0175729.s006){ref-type="supplementary-material"}). The 5\' end of the 26963 RNA was determined 1 nt upstream of the +1 G and terminated after 196 nt with no adjacent T-stretch present ([S6D Fig](#pone.0175729.s006){ref-type="supplementary-material"}).

In summary, the data indicate that TRE5-A can target locations on the rDNA palindrome because they represent functional A/B box motifs without a tRNA gene context and that these loci are probably occupied by transcription complexes and transcribed by Pol III.

Discussion {#sec013}
==========

TRE5-A^bsr^ retrotransposition mimics the integration preference of natural TRE5-As {#sec014}
-----------------------------------------------------------------------------------

The determination of the authentic retrotransposition behavior of the TRE5-A element from genome data is hampered by frequent rearrangements during genome evolution. The comprehensive, experimental data obtained from two different in vivo integration assays in the present and previous studies \[[@pone.0175729.ref018], [@pone.0175729.ref019], [@pone.0175729.ref021]\] enable the further delineation of the integration preference of TRE5-A. Because TRE5-A^bsr^ contains the ORF1 protein that mediates target site detection \[[@pone.0175729.ref023]\] and borrows the ORF2 protein expressed by cellular TRE5-A.1 elements, it is plausible to assume that TRE5-A^bsr^ displays the same integration preference as the natural autonomous TRE5-A.1. This assumption is also supported by the observation that the non-autonomous TRE5-A.2 element displays the same integration behavior as TRE5-A.1 \[[@pone.0175729.ref018]\]. In this study, we determined a window of TRE5-A^bsr^ integration of 23--181 bp upstream of tRNA genes with 80.2% of TRE5-A^bsr^ integrations occurring within 47±3 bp upstream of the targeted tRNA genes ([Fig 5](#pone.0175729.g005){ref-type="fig"}). This observation was nicely consistent with the integration window of TRE5-As in the reference genome 37--211 bp upstream of tRNA genes (59.2% within the 47±3 bp window; n = 98) and experimentally determined de novo integrations of natural TRE5-A into the "TRE trap" (85.3% of integrations within the 47±3 bp window upstream of bait tRNA genes; n = 34) \[[@pone.0175729.ref018], [@pone.0175729.ref019]\]. Additional observations, including the formation of target site duplications (data not shown) and frequent insertion of non-templated extra nucleotides at the 5' integration junction ([Fig 3B](#pone.0175729.g003){ref-type="fig"}), corroborated that TRE5-A^bsr^ mimics the natural integration of TRE5-A elements in the *D*. *discoideum* genome. In summary, we assume that position 47 upstream of tRNA genes represents the primary integration site of TRE5-A, which is immediately upstream the range that DNA-bound TFIIIB covers upstream of the transcription start site of tRNA genes \[[@pone.0175729.ref022]\].

In this study, we ruled out the possibility that TRE5-A expansion in the *D*. *discoideum* genome is restricted to a minority of tRNA genes because we determined that the TRE5-A^bsr^ element can reach almost every tRNA gene in the genome under experimental cell culture conditions. We speculate that TRE5-A expansion in the *D*. *discoideum* genome has not approached saturation because the resulting high copy number of retroelements might compromise genome stability. Because *D*. *discoideum* is haploid, there must be strong selection pressure to achieve steady-state TRE5-A amplification, which apparently leveled off at the reasonable average of 24% tRNA gene occupation observed in modern *D*. *discoideum* cells.

TRE5-A^bsr^ displays integration at canonical Pol III-transcribed genes, including the ribosomal 5S gene, and it further targets tRNA gene-like A/B box motifs on the extrachromosomal rDNA element, which may represent Pol III transcription units. We demonstrated in this study that the ribosomal 5S gene is a genuine target for integration by both the natural TRE5-A element and its derivative TRE5-A^bsr^. The window of TRE5-A^bsr^ integration relative to the 5\' end of the 5S gene is 37--42 bp, which agrees well with the integration preference of natural TRE5-A elements 35--39 bp upstream of the 5S gene as determined in the "TRE trap assay" \[[@pone.0175729.ref019]\]. The somewhat shorter distance of TRE5-A integrations at the 5S gene compared with tRNA genes predicts that the positioning of TFIIIB is not identical on both gene types. In fact, TFIIIB occupies space on the *S*. *cerevisiae* 5S gene in the region from --40 to +5 \[[@pone.0175729.ref036]\].

An important issue in TRE5-A retrotransposition that could not be resolved in this study is whether TRE5-A may be directly mutagenic to protein-coding genes by performing "off-target" integration. A general drawback of LAM-PCR-based enrichment of integration junctions is the generation of the second DNA strand on LAM-PCR products, considering that the retrotransposon-upstream regions are unknown. Second-strand DNA synthesis using an adapter-linked hexamer primer obviously forced considerable amounts of artificial products during the subsequent amplification of TRE5-A^bsr^ integration junctions using the adapter primer on the distal ends of the LAM-PCR products. Whether this problem is related to the high A+T content of more that 80% in intergenic regions \[[@pone.0175729.ref012]\] remains unclear. Therefore it was impossible to discriminate whether mapping of Illumina sequence reads to open reading frames or intergenic regions without an A/B box context were generated by artificial fusion of genomic DNA to the retrotransposon during PCR or whether they indeed reflected off-target integration. However, we observed that it was easy to confirm predicted tRNA gene-directed integrations in samples of isolated blasticidin-resistant clones, whereas it was impossible to demonstrate insertions at predicted off-target sites.

Taking advantage of the orientation-specific integration of TRE5-A upstream of tRNA genes, the suitability of the LAM-PCR approach was demonstrated by the success of amplifying tDNA-TRE5-A^bsr^ integration junctions using tRNA gene-specific primers. Amplicon sequencing data from both the 20G and 100G tRNA library suggested hot spots of integration of TRE5-A^bsr^ at few tRNA genes. However, when comparing the two libraries there was almost no overlap of apparent "hot spots". Interestingly, data from the 100G adpapter library reproduced this bias even though no tRNA gene primers were used in this experiments. Thus, we conclude that either a technical bias in PCR amplification of tRNA genes or expansion of certain clones in the population was resonsible for these observations.

Do Pol III transcription complexes assemble on the extrachromosomal rDNA element? {#sec015}
---------------------------------------------------------------------------------

In this work we detected integration of TRE5-A^bsr^ into the extrachromosomal rDNA element. Several lines of evidence suggest that TRE5-A^bsr^ targeted these loci as if they were tRNA genes. The binding of TFIIIC is a strict requirement for TRE5-A integration because a C56G mutation in the central GTT[C]{.ul}RANNC motif of the B box abolishes TRE5-A integration \[[@pone.0175729.ref019]\]. Recent studies of "extra TFIIIC sites" (ETCs) have demonstrated that solo B boxes are enriched with bound TFIIIC but devoid of TFIIIB and Pol III \[[@pone.0175729.ref037]--[@pone.0175729.ref039]\]. In yeast, the retrotransposon Ty3 has been useful to indirectly confirm the absence of TFIIIB from ETCs \[[@pone.0175729.ref040]\]. The integration behavior of TRE5-A predicts that the B box loci on the extrachromosomal rDNA element do not represent ETC sites. Integration of TRE5-A upstream of a solo B box is possible but very inefficient \[[@pone.0175729.ref019]\], indicating that the A box plays an important role in positioning TFIIIC on a tRNA gene and thereby favors recruitment of TFIIIB as an interaction partner for TRE5-A. The position of the A box within a tRNA gene is fixed at position +8 relative to the first nucleotide (+1) of the mature tRNA. The precise integration of TRE5-A upstream of tRNA genes is likely mediated by the presence of the A box rather than by the position of the B box, which has a variable distance to the +1 nucleotide. The A box motif is more permissive than the B box consensus, which complicates the prediction of functional A boxes in Pol III genes. However, our data indicate that TRE5-A selected those B box positions on the extrachromosomal rDNA element that display the highest similarity to an A box while ignoring a majority of other B box positions. Although we do not have direct proof that Pol III transcription complexes assemble on the rDNA element, we speculate that targeting of TRE5-A upstream of A/B boxes at a tRNA gene-like distance predicts the presence of TFIIIC/TFIIIB complexes on the extrachromosomal rDNA palindrome. The observed formation of RNA transcripts covering TRE5-A target sites does not necessarily prove that these transcripts are Pol III products, but may indicate the presence of active transcription units other than the rRNA genes on the rDNA element.

Integration of TRE5-A^bsr^ into the extrachromosomal palindrome strongly predicts that the rDNA element is a target for integration by the endogenous TRE5-A population. We could detect integration of natural TRE5-A at rDNA loci targeted by TRE5-A^bsr^ in untransformed *D*. *discoideum* cells. However, the requirement of nested PCR to detect such integrations suggests that TRE5-A integrations have not become fixed in the rDNA element population, as also indicated by the lack of TRE5-A sequences determined during sequencing of the rDNA element \[[@pone.0175729.ref027]\]. Most eukaryotes organize their repetitive ribosomal RNA genes in head-to-tail clusters on one or several chromosomes. The puzzling observation that all copies of rDNA units in an isolate of a species are usually identical but may vary between different isolates has been explained by the hypothesis of concerted evolution, in which unequal homologous recombination and gene conversion homogenize the rDNA pool \[[@pone.0175729.ref041]\]. Amoebozoans appear to organize their rRNA genes in multiple copies of extrachromosomal elements in which two identical linear DNA arms are connected in a palindromic tail-to-tail arrangement. Therefore, it seems unlikely that unequal homologous recombination is involved in the homogenization of the extrachromosomal rDNA palindromes in *D*. *discoideum*. We believe that newly integrated mobile elements are rapidly removed from the rDNA element by gene conversion.

What roles may active Pol III complexes play in the biology of the extrachromosomal rDNA element? Notably, we also find A/B box-like arrangements on rDNA palindromes of other dictyostelids, such as *D*. *citrinum*, *D*. *purpureum*, *D*. *lacteum*, and *Polysphondylium pallidum* (data not shown). The conservation of A/B box arrangements over several hundreds of millions of years of evolution in a DNA element that harbors no transcription units other than rRNA genes is striking and strongly argues for conservation of a specific function. An attractive idea is that Pol III complexes may contribute to the replication of amoebozoan rDNA elements. Although the mechanism of replication of the palindromic rDNA element of *D*. *discoideum* is not known, it is clear from the data of Welker et al. \[[@pone.0175729.ref042]\] and analysis of the reference genome \[[@pone.0175729.ref012]\] that it is not produced from a chromosomal master copy as previously suggested by Sucgang et al. \[[@pone.0175729.ref027]\]. Bénard et al. have postulated distinct replication origins in the non-coding regions of the *Physarum* rDNA palindrome \[[@pone.0175729.ref043]\]. Combining this observation with data suggesting that tRNA genes can serve as replication fork pause sites \[[@pone.0175729.ref044], [@pone.0175729.ref045]\] may converge to an attractive model in which the A/B box loci on an extrachromosomal rDNA element regulate replication of the *D*. *discoideum* rDNA elements by transient Pol III complex formation.

Conclusions {#sec016}
===========

It is intriguing that integration at different distances upstream and downstream of tRNA genes has been invented at least twice by copia- and gypsy-like LTR retrotransposons in yeasts (e.g., Ty1 and Ty3) \[[@pone.0175729.ref046], [@pone.0175729.ref047]\] and at least six times in dictyostelid social amoebae by both LTR and non-LTR retrotransposons \[[@pone.0175729.ref048]\]. The combined knowledge of targeted integration by retrotransposons in fungi and amoebozoans provides strong support to the hypothesis that integration near tRNA genes (or Pol III genes in general) is an example of convergent evolution to solve the problem of colonizing high-density genomes without causing excessive gene mutagenesis. In this study we showed that retrotransposons tagged with the *mbsrI* gene can be followed to their natural integration sites, and that LAM-PCR-based transposon profiling is applicable to determine the integrome of mobile elements in the *D*. *discoideum* genome. The new data support our hypothesis that TRE5-A selects integration sites through interaction with the Pol III transcription complex. Integration near tRNA genes has been independently invented by non-LTR (TRE5, TRE3) and LTR (DGLT-A) retrotransposons during the evolution of *D*. *discoideum*. It will be interesting to perform retrotransposition profiling on the DGLT-A element, which has an integration preference upstream of tRNA genes that is different from TRE5-A but resembles that of the yeast Ty3 element \[[@pone.0175729.ref049]\]. The combination of *mbsrI*-tagged retrotransposons and integrome profiling presented in this study will foster research into the question whether tRNA genes do in fact present safe integration sites sites for mobile elements in compact genomes.

Supporting information {#sec017}
======================

###### Genomic distribution of tRNA genes in the *D*. *discoideum* reference genome.

Information was extracted from „*D*. *discoideum* Non-coding sequences"as of 03-29-2016 ([www.dictybase.org](http://www.dictybase.org/)).

(TIF)

###### 

Click here for additional data file.

###### Enrichment of TRE5-A^bsr^ integrations by LAM-PCR.

The genomic DNA from a pool of blasticidine-resistant cells carrying TRE5-A^bsr^ integrations was used as template for a linear PCR with a biotinylated primer that was designed to bind specifically to the codon-adapted ORF1 sequence of the cloned TRE5-A^bsr^ element. As negative control, a parallel LAM-PCR was performed in which the biotinylated ORF1 primer was missing. The linear, single-stranded LAM-PCR products were immobilized onto magnetic streptavidin beads, washed extensively and used as templates for exponential PCR to detect a single-copy gene (*gpdA*), the retrotransposon DIRS-1 (\~200 copies per cell), the ORF1 sequence of endogenous TRE5-A elements, and TRE5-A^bsr^. As a positive control, exponential PCR was performed directly on genomic DNA.

(TIF)

###### 

Click here for additional data file.

###### Targeting of the ribosomal 5S gene by TRE5-A^bsr^.

Example of an integration by TRE5-A^bsr^ upstream of the 5S gene on the rDNA element. Genomic DNA from \~15,000 blasticidin-resistant clones of the 20G culture was used for the LAM-PCR-based enrichment of TRE5-A^bsr^ integrations. The exponential PCR amplification of insertion junctions was performed between TRE5-A^bsr^ ORF1 and a primer that was specific for the 5S coding region. The 5S gene is shown in the red box. The sequence upstream of the 5S gene is shown in lowercase letters.

(TIF)

###### 

Click here for additional data file.

###### Targeting of the ribosomal 5S gene by cellular TRE5-A.1.

The detection of a natural TRE5-A.1 element upstream of the 5S gene on the rDNA palindrome was performed on genomic DNA of untransformed *D*. *discoideum* cells using nested PCR with primers that were specific for TRE5-A ORF1 and the 5S gene coding region.The 5S gene is shown in the red box. The sequence upstream of the 5S gene is shown in lowercase letters.

(TIF)

###### 

Click here for additional data file.

###### Alignment of TRE5-A^bsr^-targeted B box loci on the rDNA palindrome.

The alignment of DNA sequences from the indicated positions was performed with ClustalX, and the conserved nucleotide positions are highlighted using BoxShade. The positions of the +1G, A box and B box are indicated in red color.

(TIF)

###### 

Click here for additional data file.

###### Transcription of TRE5-A-targeted A/B box loci on the rDNA element.

(**A**) RT-PCR result that was obtained from B box locus 18638/22168. cDNA was synthesized with a primer that was specific for that particular locus. Parallel reactions with (+) and without (--) the addition of RT in the reaction mixture were prepared. A PCR product that was produced on genomic DNA was used as the size marker (M). (**B**). Outline of the cRT-PCR protocol. The total RNA was prepared from the 15,000-clone pool of blasticidin-resistant cells. The RNA was treated for intramolecular ligation as detailed in the Materials and Methods section. Primer 1 was used for cDNA synthesis on circularized RNA. Then, PCR was performed on the cDNA using primers 2 and 3. The resulting DNA was purified and used as a template for nested PCR using primers 4 and 5. The products from this PCR were cloned and sequenced. Primers 1--5 for individual B box loci are listed in [S1 Table](#pone.0175729.s007){ref-type="supplementary-material"}. The sequencing results are shown for B-box locus 18638/22168 (**C**), and 25439/26202. The +1 Gs, A boxes and B boxes are indicated in red boxes. Oligothymidine stretches representing potential Pol III terminators are indicated as bold letters. The open arrowheads indicate the 5\' ends of transcripts as deduced from cloned cRT-PCR products. The filled arrowheads indicate the 3\' ends of transcripts.

(TIF)

###### 

Click here for additional data file.

###### List of the primers used in this study.

(PDF)

###### 

Click here for additional data file.

###### Results from the mapping of TRE5-A^bsr^ integrations to tRNA gene loci.

^a^BF: floating contigs from chromosomes 4--6; ^b^2F: floating contigs of chromosome 2; abbreviations: Chr, chromosome; G, generations cell culture.

(PDF)

###### 

Click here for additional data file.
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